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ABSTRACT Over thefloating section of atide-water glacier, single radar interferograms
arc difficult to use because thelong-terin steady motion of theice is intermixed with the
tidal vertical motion of the glacier. Withmultiple interferogramns, it is however possible to
isolate the tidal signaland subsequently remove it from the single interferograms to estimate
theice velocities. The technique is applied to I'RS-1synthetic-aprerture radar (SAR) images
of Petermann Gletscher, north Greenland. The precision of the tidal incasurcmnents is 1-
2 mmd 1. 1ce velocities arc known within 1 m & The tidal measurements agree well with
model predictions from a fixed elastic beamn with an elasti C damnping factor Of 0.47 km’,
By localizing the maximum of the bending stress along each image line, the hinge-line is
mapped with a precision of 20 m. Theinterferometric hinge-line may be used as a reference
for detecting future meter-scale changes inice thick ness of the glacier tongue. At the glacier
center-line, the hinge-line shifis 2 kin along-flow over a 500-1 trausverse distanice, initiating
alongitudinal rupture of theicetongue. Transverse ruptures appear at regular intervals
20-40 km down-stream as fast-moving iceslabs override slower-lnovi])g portions of theice
tongue. Ice discharge of theice tongue is calculated using the ice velocities and ice thickness
estimates obtained from a digital elevation model of the glacier. The results show a decrease
from 10.8 kin® a 'at the hinge-line to 1.6 kin® a4 about 30 kin downstrean from the hinge-
line, which is equivalent to a glacier thinning rate of 13.6-m a-l. Closer to the ice-front,
the glacier thinning rateis 2.3 ma~!. Surface ablationof about 1-3 m &’ may explain
glacier thinning near the ice-front but cannot explainthe enhanced thinning rate near the
hinge-line, which must bedueto basa ablation. Basal ablation is the dominant p rocess of
mass release from Petermann Gletscher. Basal and surface ablation together melt 95% of
themnass discharged across the hinge-line before it reaches the glacier front.
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INTRODUCTION

Calving glaciers play an essential role in the dynamics and mass bala nce of the Greenl and
Iee Sheet, and even more inthe case of the Antarctica Ice Sheet where ice shelves and
ice tongues develop extensively (Holdsworth, 1977; Hind marsh, 1 993; Vaughan and Doake,
1 996). of particular interest for studies of thestability of these glaciers is the region at the
junction between slow moving ice from the inland ice where no tidal displacements occur
and the faster moving ice from the ice tongue or ice shelf where tidal forcing introduces a
cyclic vertical flexure of the ice surface. The point where the ice separates from the glacier
bed, the grounding line, is important to locate precisely b ccause it provides a basis for

monitoring changes in ice-thickness or sea-level induced by climate shift (Smith, 1991).

Tidal ice-shelf flexure may be neasured by tiltmeters (Smith,1991) or precise GI'S kine-
matic surveys (Vaughan, 1 994). Locating the grounding line is more diflicult by traditional
standards and there arc no systematic means to map its position from a remote sensing
instrument. Goldsteinet al. (1 993) detected tidal motion of the Rutford ice stream with
I'RS-1interferometric radar data and deduced the grounding line at a resolution of 0.5 km.
Ice velociti es, or the long-term steady motion of theice, could not be estinated from the
SAR interferogram because the component of horizontal motion is inherently mixed with
the tidal vertical motion of theice surface. Hait] et a. (1994) however demonstrated the
tidal signal could be separated from the ice velocities by diflerencing the signal obtained in

two consecu tive interferograms.

The same technique is applied here, by which the tidal signal is separated fromn the steady
motion of theice using two interferograms. The mapping of the hinging or bending zone
of theiceisimproved by an order of magnitude bc.cause the measurements are 110 longer
perturbed by the longitudinal strain rates of the long-term steady motion of the ice. By

re-introducing the tidal signal into the radar interferograms and assu ming an clastic de-



form ation of the ice tongue, it is also possible to subscquently retrieve the ice velocities
of the floating section of the glacier. The technique is demonst rated in the case of Pe-
termann Gletscher, a major outlet glacier of northern Greenland, which develops into an
extensive ice tongue confined within a fjord. Numerous rock outcrops are present 1 o provide
arcliable, fixed reference for estimating the interferometric basclines and studying glacial
motion. Data coverage by ERS-1SAR of that part of Greenland is excellent. i addition,
S. Ekholmet al., KMS (Kort and Matrikelstyrelsen) produced a very precise topographic
map Of the region, whichincludes all glacier areas. Severalother studies win-c conducted 011
this glacier inrecent months. Joughinet a. (1995) studied the mass balance of Petermann
Gletscher using interferometric measurements and ice thickness data near the equilibrium
line dtitude. Jezek et a. (1995) studied basal p rocesses 011 several Greenland outlet glaciers,
including Petermann Gletscher, and stressed the importance of basal ablation processes in
the overal mass budget of Petermann Gletscher. The present study focuses ontheice flow
dynamics of the glacier ice tongue using FRS-1SAR interferometry data with implications

for otherice tongues and ice shelves.
STUDY AREA

Peterimann Gletscher is located 60° west and 81¢ north, 011 the north-western flank of the
Greenland Ice Sheet. Petermann Gletscher was first documented and examined during the
United States "Polaris’ expedition under C.F. Hallin1871 (Kollineyer, 1980). 1t is one of the
few Arctic glaciers which develops into an extensive ice tongue. Large portions (> 50 Kin)
of its outer front arc floating, andtheterminus is only 3 to 41 above sea level (Higgins,
1991). Calf ice is produced by occasional disintegration of its terminus, which yiclds tabular
icebergs 30-50 In thick, up to 10 kinx 12 ki in size (Dunbar, 1978; Kollimeyer, 1980). The
glacier width is 30 km when it merges with theinlandice, narrowing gradualy northward

over its 100 ki length to reach 12 kinat the terminus. Surface altitude decreases from 600 m




at the inland ice margin to only 25-35 m at Kap Coppinger (Higgins, 1991 ). Petermann
Gletscher has the highest measured velocity of north Greenland glaciers, about 0.95 ki a™!

at the ice front (Higgins, 1991 ).

This study utilized 3 consecutive passes of I'RS-15AR acquired on February 25,28 and
March 2, 1992, during orbit 3205, 3248 and 3291 of the satellite. Bachimage is a 100 km x
100 kin frame, with a 20-1n pixcl spacing on the ground after averaging of 5 pixel elements
in the azimuth (along-track) direction. The upper 72 km of the radar anplitude immage are
shown in Figure 1. North is on top, with RS- 1 flying from cast to west, looking north
to its right. Petermann Gletscher runs south-north in between Washington Land to the
west and Hall La nd to the cast. The shear margins of the glacier are very pronounced and
extend far southward into themmainlandice. Most of theglacier surface within the fjord
is radar-dark indicating asurface poorly reflective of theradarsignals. The radar-bright
region to the south shows the transition with the percolation facies of the inlandice which
areradar-bright because of internalreflectionsinsub-surface icy inclusions (Rignot, 1 995).
IFive glaciers descend onthe cast side from Kane plateau to merge with the mainice stream

(Higgins, 1991). The most important one is Porsild Gletscher (Figure 1).

METHODS

1 nterferogram Generation.

Readers interested ina background on radar interferometry may consult Zebker and Gold-
stein (] 986), Goldstein et al. (1 988), Gabrielet a. (1989), and Zebker et al. (1994). The

basic principles of radar interferometry will not be repeated here.

Two interferograms were formed using image 2 (orbit 3248) as the reference image in

both interferometric pairs. The complex amplitude images were c.o-registered with sub-




pixel accuracy, including additional pixcl off’sets over fast-moving portions of the ice, and
cross- correlated. The phase cohererice of the resulting interferometric products, denoted p
and taking values between O (no coherence) and 1 (perfect temporal coherence), was high
(p > 0.8) over most of the scene, yielding high quality interferometric fringes(Figure 2).
Phase unwrapping was performed using Goldsteinet al., (1988)'s unwrapping algorithmn
after smoothing the data using a 2-di mensional spectral filter (Werner, unpublished, 1995).
Above the hinging zone, the interferograms exhibited a complex pattern of closely-s])accd
fringes (360° varjationsin phase) and phasc unwrapping was diflicult. Similar patterns were
observed on the south-western flank of the Greenland lce Sheet and attributed to vertical

motion of theice over bumps and | ollows, several mcters inheight and several kilometers

indiameter, created by faster ice sheet flow over the bedrock topography near the ice mar-
gin (Rignot et al., 1995; Joughin et al., 1 995).To unwrap the phase values across those
regions, the radar data were analyzed at high resolution (5-looks), and phase unwrapping
was performnedin sub-blocks, subscquently picced together to maintain the continuity of
the phase. A second set of interferometric pairs corresponding to orbit 2904,2947 aud 2990

was also analyzed, but the phase values could not be unwrapped as successfully as for the

present set of images.

The baseline separation between the successive positions of the radar antenna was estimated
by lcasi-square fitting using 1,400 tic-proints sclected from a digita clevationmodel (D 1EM)
of the glacier, 0.005° in latitude spacing and 0.025<’ in longitude spacing, provided by S.
Fkholm, KXMS. The DEM was interpolated, projected into the radar imaging geometry, and

registered with the SAR data within 1-2 SAR pixels using one tie-point.

Interferometric Products.

Let us denote by V., V,, V, the components of the steady motion vector of theicealong

the X-, y- and z-axis. The x-axis isin the cross-track direction, pointing north. The y-
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axis is in the along-track direction, pointing west. The z-axis is the vertical axis. Under
tidal influence, the ice tongue undergoes upward and downward motion along the z-axis of
amplitude Z. Here, we use the sign convention that the phase, ¢, measured by the radar is
¢z - ﬁf R where R is the range distance between a point and the center of the synthetic
aperture, and A is the radar wavelength (5.66 cm for BRS-1SAR). The phase diflerence,

¢1 2 = ¢2 — ¢1, measured between antenna 1 (orbit 3205) and 2 (3248) may be expressed

as
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B312 is the bascline or distance separating antenna 1 and 2, @12is the baseline angle with the
horizontal, 8, is the illumination a1gle with the horizontal at the center of the scene for a
point at reference elevation 2 = O, 4, is the illumination angle for a point at elevation z above
the geoid, 60, = 0.--00, Bi2 1 = Byzsin( 6,4 @12) is the component of the base.lilie
perpendicular to the direction of the radar illumination, By = By €0S (6,4 g ) is
the component of the baseline parallel to the direction of the radar illumination, ({2 - ¢; )

is the time lag between the two immages, and ¢¢, is the absolute phase offset.
ag £CS, 12 ]

The first line of I3q. (1) isthe topography term, which is scaled by the baseline. The second
line describes the ice velocity along the radar line of sight caused by tile steady motion
of tile ice. The third line corresponds to changes in surface clevation along the radar line
of sight caused by the downward motion of the ice under tidal influence. With a second

interferogram combining image 2 and 3, wc have
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I 1,2 and 3 are acquired in sequence and 3 days apart, adding 1q. (1) and (2) eliminates

the term of steady motion to yield
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Iq. (3) is similar to ¥q. (1), with a perpendicular and parallel bascline equal, respectively,
to the sum of the perpendicular and parallel basclines from both interferograms. Using
tie-points from the KM S DEM on both rock and i ce, but excluding the ice tougue, we
estimated the baseline parameters of lig. (3) and climinated surface topography to obtain

ir ., _
$12,51at 4 P23, flat - 7[3 Zy ~ Ly - Zy) cos( 1) 4

which only depends on tidal flexure. The map of tidal displacem ents, Z2 - 0.5 (%3 - %),

is shown in Figure 3.

Model predictions from the elastic bean theory indicate tidal displaceinents along anelastic
beam vary linearly with tidal amplitude. Several experimental studies have shown the elastic
beam model matches observations very well (Holdsworth,1969). Assuming tidal forcing is
the same everywhere along the beam (Holdsworth, 1 969), and the elastic damping factor
does not change with tidal amplitude (Holdsworth, 1977),a difl’emit recalization of tidal
forcing should exhibit the same pattern of tidal flexure as that given from Iig. (4), scaled
by a different tidal amplitude. Under hese assumptions, wemay JC-writc Yiq. (1), after

removal of the topography term, as
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Iq. (5) yields theice velocities, provided Y12 is known.

To determine Y12, one point of known horizontal velocity is needed on the floating part of the
glacier. To obtain those control velocities, we tracked trains of crevasses below the hinge-line
inlJRS-1images acquired one year apart. The result is 712 = 1.830.2, witha 50-in a”!'rins
error inthe 11 control points, comparable to the precision of the feature tracking results,
The x-velocity, V,, was deduced from kq. (5) assuming V, = () because the vertical velocity
component assoc jated with glacier thinning isnegligiblecompared to tile horizontal motion,
andice flows approximately inthe horizonta) pla ne because of the low surface slopes. The
x-velocity map was subsequently transformed into an horizontal velocity map by assuming
a flow direction parallel to the dotted Jine shown in Figure 1, which approximates the
dynamic center-line of the glacier. ‘T'he dotted line follows the glacier center-line where
indicated by surface crevassing (Iligure 1), and the line of maximum velocity inthe radar

looking direction elsewhere (Figure 2). The results arc shownin l'igure 4.

Measurement Uncertainties.

Therms error in phase of’ the radarsignal calculated during the estimation of the baseline
using several hundred tie-points was 3 for pair 3248 -320.5 (1iq. 1), 0.6 for pair 3248-3291 (liq.
2)and 7 for the two pairs combined (}q. 3). These phase errors translate into uncer tainties
in surface topography of, respectively, 75, 400 and 180 m. The errors are large becau se
the perpendicular base.lilles were short (respecti vely 58, 2 and 60 ), but an accurate
topographic map was aready available. Interms of ice motion, the phase errors translate
into uncertainties of 4, | and 10 mm d~! of motion, whichis two orders of magnitude less
than the velocity of the glacier (2000-3000 m d!) and one order of magnitude less than the
tidal amplitude (200-300 mm). AsshiowninFigure 3, phase errors formlarge scale features,
not correlated with topography, whicliimpliesthey arc not duc to bascline uncertaintics or

errors in the DEM. They are most likely associated with atmospheric propagation delays




(Goldstein, 1995).

At the pixel level, the dominant source of error is phase noise, a4, given by (1i and Goldstein,
1990; Rodriguez and Martin, 1992)

op = (1 - p)!/2pt NI/ (6)
where N is the number of looks, hereequalto 5. Over rock, p > 0.85 (Figure 2) so
04 <(),2, whichis equivalent to ().3 mwm d? of motion whenoy is multiplied by (47)/A)™".
Overland ice, p varies between 0.5 and 0.8 (Figure 2), yielding o4, equivalent to 0.3 and
] 111111 d-l of motion.Over the ice tongue, p is also about 0.8 (Figure 2). At the hillge-line,
p= 0.4, and oy iS equivalent to 1.3 mm d’’ of motion. Intheregion whereice flow is
strongly convoluted with surface topography, arcas where p < 0.25 were not unwrapped,
SC) o4 corresponds toless than 2 mm d’ of motion. With N = 80 looks, pixel spacing is
degraded to 80 rnand the above error estimnates are divided by 4. To map the hinge'-]ine,
weused N = 5, but for all other applications we used AT = 80 since spatial resolution was

nota critical factor.
R ESULTS

Tidal Flexure.

The pattern of tidal flexure (Figure 3) delineates the portion of the glacier that is afloat.
Nearly the entire section oOf the glacier undergoes tidal motion. Tidal displacements are riot
uniforin and exhibit three-dimensional structures. ‘Jids] flexureis maximumatthe glacier
center-line and decreases toward the glacier margins where restraints by the rock margins
must limit the amplitude of the tidal displacement. ‘Jids] flexure increases inthe along-flow
direction to peak at about 6 kin from the edge of the hinging zone. On tile easternside
of the glacier, near where Porsild Gletscher merges with the main stream of Petermann

Gletscher, the rate of maximum increase in tidal flexure is twice sialler and the direction




of increase is 452 ofl compared to the direction of increase in the western section of theice
tongue. Phase unwrapping failed on Porsild Gletscher, but the glacier is likely to undergo
tidal motion as well. The complex pattern of tidal motion observed on the eastern margin

is therefore probably associated wit hthe interplay of the hinging zones fromboth glaciers.

The tidal profile extracted along the western haf of theice tongue (Figure 1) was compared
with model predictions from an elastic beam of infinite length, withone end rigidly clamped

on bedrock (Holdsworth, 1977). The predicted tidal amplitude is
Zo= 211 - P (cos (B 2) A sin(fBa)) (7)
where 3 is the clastic damping factor given by
1 _ 3 py BN .
p* = g(1 - V) ryes (8)

Iis the dastic modulus of ice, p, = 1030 kg 1n™® is the density of sea-water, ¢= 9.81 s’
IS the acceleration of gravity, v = 0.3 is the poisson coeflicient forice, and /i is the glacier
thickness. The best fit was obtained for #=4.7 104111- ', with a rns fit error of ().8 mmn
(IMigure 5). Judged from the low rms crror and the high number of points used inthe
comparison, the model predictions fit the measureinents very well.  Resid ual errors are
concentrated beyond the point of maximum tidal deflection where the model overpredicts

the tidal displacements.

Using Ilq. (8) and I/ = 0.88 GPa (Vaughan, 1995), wc calculate anice thickness of 8001
at the hinge-line. The actual thickness is 540 m. Using 1iq. (8), we find 1= 3.6 GPain
order toobtainf= 4.7 10791 . We conclude our data do not support the contention
that an elastic modulus of theice of about 0.88 GI’a explains most observations of tidal
flexure at ice shelf or ice tongue margins (Vaughan, 1995). Considerable spread exists in
the values of the elastic modulus of theice obtained from fitting of an clastic beamn model

through observations of tidal flexure.
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Hinge-line.

The tidal displacements were utilized to calculate the bending strain rate, ¢, = §°7/d22,
and the bending stress of the ice surface, 0,5 = F (1 - 2 )-], which is maximum at
the hinge-line, for 2 = O, (Holdsworth, 1977). Yor -d 0.2 m deflection of a 540-m thick ice
beain, we calculated a maximuin o,, Of 80 kPa.l.ocating theinaximumbending stess of
the ice however increases the noise level of the data because of the secondorder derivatives.
Instead, we located the local minimumn tidal displacement (igure 5) and mapped the hinge-
line accordingly across nearly the entire glacier width. The results are shown in Figure 3.
Based 011 the noise level of the tidal signal, the position of the hinge-line is known within
1 pixel or 20 m. The achieved precision iS more than one order of magnitude superior to
that quoted in the preliminary assessment by Goldstein et a. (1993) who utilized asingle
interferogram. One exception is the glacier center-line where the hinge-line shifts along-flow
by 2 km over an across-flow distance of about 500 m. The tidal profiles in this area do not
exhibit asharp minimal deflection compared to thatin other portions of the ice tongue SO
the determination of the hiligc-line is less precise, probably of the order of several pixels
(50-100 m)rather than one pixel. No disc ontinuity in surface strainrate is detectedin
the transition arm, but the results suggest tidal motion triggers glacier rupture. Surface
rupture js clearly visible a few ki downstream of the hinge-line (Figure 1), exactly aligned

with the zone of abru ptlongitudinal displacement of the hinge-line.

lce Velocities.

Ice velocities vary from 400 ma~! at about 900 m clevation to 1100 m a-' at the hinge-
line, decreasing thereafter to about 900 mna” !toward the edge of the scene (Figure G).
Removal of thetidal signal clearly reduced the variations inice velocity across the hinge-
line (Figure 6), yielding a more reasonable velocity profile. Vertical motion of theice over

bumnps and hollows in surface topography arc also considerably reduce.d ontheice tongue

1




compared to that on the grounded ice (Figure 6). This result is expected since the grounded
ice surface topography reflects variations in bedrock topography, whereas the floating-ice
topography is usually necarly level. Longitudin al strain rates are also lower on the ice tongue
than on the grounded inland ice, which is consistent with the expected reduction in basal

flow- resistance as the glacier goes afloat.

I several places, large discontinuitic s in surface strain rates are observed (Figure 4). Along
the center-line, the eastern slab of the ice tongue moves at about 30-50 ma™? faster than the
western slab. At about 20 kin from the hinge-line, where the velocity difference between
the two slabs is about 50 m a *, the velocity of the castern slab abruptly decreases by
40 m a'. The discontinuity in velocity andapp arent surface rupture do not correspond to
ariextension of the eastern dat) but to anoverriding of its northerntsection causal by faster
motion from the south. Another 20 ki downstream, overridding occurs 011 the western dat)
with a discontinuity in velocity also of about 40 1 a~!. The discontinuity instrain rate
alorig the center-line is no loriger visible, meaning the two ice slabs move at compa rable

speeds.

Downstream Of the hinge-line, the ice tongue must be ruptured across its entire thickuess
because of the large difference in velocity between the two ice slabs. The eastern and
western slabs must undergo different levels of flow resistance at the rock margins, and
must also friction along the center-line. Once suflicient strain has accumnulated along the
center-line, the glacier ruptures and the ice velocities re-adjust. Combined with longitudinal
glacier fracturing 8t the hinging zone which creates a zone of weakness which is advected
downstream, the transverse rupture patterns seemto formthe basis for the formation of
the 10 km x 10 km tabular icebergs occasionally scen to emerge from Petermann Gletscher

into 1all Basin.

Ice Discharge.
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Over the floating section of the ice, we estimated the glacier ice discharge and its along-flow
gradient. Ice thickness was estimated frointhe KMSDEM assuming ice floatation. Ice
sounding radar data collected by an airborne instrumnent from the University of Kansas
(Gogineni, unpublished data)along the glacier center-line showed an excellent agrecment
with the DEM-derived ice thick nesses. Yor instance, at the hinge-line, the DEM indicates
an average elevation of 68 461, therefore ncarly level, as would be expected if the glacier
were fully afloat. Theice thickness computed to balance buoyancy forces from scv-water is
540 4 481n.Ice sounding radar collected along the white line inYigure 1 indicate a glacier
thickness Of about 560 . Comparisons performed el sewhere along the glacier center-line

indicate asimilar level of agreement, about 10-20(% of theice thickness.

The KMS DM were utilized to compute the average ice thicknesses of profiles taken along
the y-axis, and combined with the x-axis ice velocities (Fq. (5)) and the width of the profile
along the y-axis to estimateice discharge. Because basal velocity of floating ice must equal
its surface velocity, thesimple multiplication of the average thickness, average velocity, and
width of the glacier should yield good estimates of the ice flux, ice thickness being the
]Cast-we]] known parameter, Portions of the glacier inargins where no interferometric data
were avail able were not utilized so ice discharge is underestimated, yet the error should
be of sccond order magnitude since ice velocity decreases very rapidly in the narrow shear

margins of the glacier.

The estimatedice fluxes are plotted inl'igure 7 as a function of the along-flow longitudinal
distance fromthe hinge-line. The data exhibit a large decrease inice discharge inthe first
30 km of glacial flow from 10.8km®a~ ! at the hinge'-li~lc to1.7 kin® alabout 30 km from
the hinge-line. Closer to the ice front, the along-flow gradient inice discharge is lower.
Calf-ice production was estimated to beabout 0.46 km3 a1 at the ice front by Higgins

(1991).
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DISCUSSION

The hinge-line of Petermann Gletscher may move back and forth with the ocean tide depend-
ing onthe geometry of the hinge zone (Holdsworth, 1977), Fromthe KMSD M, the glacier
slope at the center of the. glacier averages 0.8% at the hinge-line, 1 % 4km above, and0.2%
4 ki below. If the tidal range is sialler than 20 cin, which may be the norm for ice tongues
developing in the Arctic (Holdsworth, 1977), and assuming the glacier surface slope follows
the bedrock slope, tidal influence should not displace the hinge-line by more than one pixel
Spat.illg 01 20 111. Assuming the hinge-line remains stable within 20 i, an example 12(1 m
or 6 pixels lo]lg-term shift in position of the llillgc-line would indicate al-m changeinice
thickuess of Petermann Gletscher. Using the interferom etrically-deri ved hinge-line should
therefore provide afine reference for detecting future subtle changesin glacier conditions,
even though surface slopes are moderate . For comparison, detecting In~tc'r-scale changes
inice thickness from the diflerencing of multj-date interferometri cally-derived topographic

maps would be diflicult to achiceve (Rodriguez and Martin, 1992).

The most striking observation remains the pronounced along-flow decrease inice discharge
andice thickness of the ice tongue. Using multi-date SAR imagery, feature tracking, and
ice sounding radar thickness data, Jezcket a. (1995) argued that a significant amount of
ice must be removed from the ice tongue by basal ablation. Here, we are able to quantify
the ice removal by ablation processes and provide further support for their conclusion that

basal ablation plays a dominant role intheice discharge fromnPetermann Gletscher.

The decrease inice discharge in the first 30 kinaverages -().28 km?a~ 1. Most of the decrease
is ducto a 77% reduction in glacier thickness because ice velocity is only reduced by 5% and
glacier widthis only reduced by 7%. The decrcasce inice thickness is equivalent to a glacier
thinning rate of 13.6 m a- assuming a mean ice velocity of 1000 ma~', Closer to the ice

front, the cquivalent glacier thinning rate is 2.3 m! inthe last 40 kin, close to the 2.7-mm'1

14




estimate of Higginsinthe last 17 km of glacier flow, Higgius interpreted glacier thinning as
resulting from surface ablation, quoting surface ablation rates in north Greenland of about
1-311) = '. Near the liillgt'-lilic|~of~ ever, surface ablation cannot explain the magnitude of
thethinning rate, which must beattributedto basal ablation. Basal meltingis largest near
the hinge-line and decreases down-flow. Assuming the lincar trend inice discharge in the last
40 km of glacia flow is duetosurface ablation (IMigure 7), basal ablation discharges about
8.3 kin® a—? below the hinge-line, while surface ablation must remove only 2.5 km® a™ 1.
Surface and basal ablation combined account for over 95% of the mass relecase across the

hinge-line before it reaches the ice front.

The contribution of mass release from basal melting is t llcre.fore considerable, Basalablation
is the dominant process of mass relcase from the hinge-line of Petermann Gletscher. Large
errors in its mass balance budget would result from assuming that mass release only procecds
through surface ablationand calf-ice production. Theresults stresses theimportance of
including basal melting in mass balance studies of tide-water glacier developing into anice
tongue. Ice tongues similar to that of Petermaun Gletscher inay not develop extensively
inthe Arctic, which implies that current estimates of the mass balance of the Greentand
Ice Sheet mnay not be significantly ofl as a result of neglecting the contribution from basal
melting. In Antarctica, where far mnore glaciers develop into ice tongues and ice shelves,
including the role of basal ablation processes should be of much greater rclevance. This
study shows radar interferometry is a powerful tool for determining the precise location of

the hinge-linte and for measuring ice discharge at the hinge-line rather than at the ice front.

Here,the glacier topography was a-priori known from an existing KMS DEM. Radar in-
terferometry may however also be used to obtain surface topography. Large perpendicular
baselines would be needed to obtain a precision in topographic mapping (1-2 m vertical) suf-

ficicnt Lo obtain reliable ice thickness estitnates. Inanideal situation, ice motion would he

15




determined using two interferograms with nearly-zero perpendicular baselines, and surface

topography would be inferred using a third interferogram with alarge baseline.

CONCLUSIONS

ERS-1SAR data were utilized to measure the tidal flexure of theice tongue of Petermann
Gletscher with a precision of about2mmn d~ andto map the hinge-line of the glacier with
a precision of 20 1n, across nearly its e1it ire width. The interferometric hinge-line should
provide a reference for monitoring future meter-scale long-term changesinice thickness of
Petermann Gletscher. Ice velocities estimated on both the grounded and floating portions
of the ice revealedice discharge decreases rapidly downstream from the hinge-line, at a
rate which cannot be explained by surface ablation, and which inust be caused by basal
melting. Similar studies conducted on other ice tongues developing inthe Arctic as well as
onthe extensive Antarcticiceshelves should bring significant new insights into glaciological

processes Occurring at the boundary between inland and floating ice

ACKNOWILEDGEMENTS. This work was performedat the Jet Propulsion laboratory,
California Institute of Technology, under a contract with the National Acronautics and
Space Administration, Polar Rescarch Program managed by Robert 11. Thomas. 1 would
like to thank Simon Ekholm for graciously providing a high-quality topographic map of
Petermann Gletscher, without which this study would have been far more complicated and
difficult, and my collegues Ken Jezek, Ohio State University, for enriching discussions on
the glaciology and dynamics of Petermann Gletscher and for pointing out the importance
of basal melting of that glacier, and Prasad Gogineni, University of Kansas, for sharing in

advance of publication hisice sounding radar observations.

16




REFERENCES

Dunbar, M. 1978. Petermann Gletscher: Possible source of a tabular iceberg ofl the coast
of Newfoundland. J. Glaciol., 20(84), 595 5H97.

Gabrice]l, A. K., R.M. Goldstein and 11.A. Zebker. 1989. Mapping sinall elevation changes
over large arcas: differential radar interferometry. J. Geophys. Kes., 94(117), 9183-9191.

Goldstein, R.M., 11 .A.Zebker and C.1.. Werner. 1988. Satellite radarinterferometry: two-
dimensional phase unwrapping. Radio Sci., 23(4), 713-720.

Goldstein, R.M. 1995. Atmospheric limitations to repeat-track radar interferometry. Geo-
phys. Res. Lett., 22(1 8), 251 7-2520.

Goldstein, R. M., 1. Engelhardt, B. Kamb and R.M. Frolich. 1993, Satellite radar interfer-
ometry for monitoring ice sheet motion: app lication to an Antarctic ice stream. Sciencee,
262(5139), 1525- 1530.

Hartl, P., K., “1"hit], X. Wu, C. Doake and J. Sicvers. 1994, Application of SAR interfer-
ometry with FRS-1inthe Antarctic. Farth Obscrvetion Quaterly 43, V'SA Pub., i- 4.

Higgins, A. ] 990. North Greenland glacier velocities and calf ice production. Polar forschung,
GO(l), 1-23.

Hindinarsh, R. C.A. 1993. Moddling the dynamics of ice sheets. Progress Phys. Geog. 17
(4), 391-412.

Holdsworth, G.1969. Flexure of a floating ice tongue. J. Glaciol., 8(54), 385 397.
Holdsworth, G. 1977. Tidalinteraction withice shielves. Ann. Geophys., 33(] 12), 133 146.

Jezek, K., 1'. Gogineni,and E. Rignot.1995. Radio echo sounding of outlet glaciers, western
Greenland, FOS Trans. Fall Meeting 1995, 1111 1-05.

Joughin, 1., D.P. Winebrenner ant] M.A. Fahnestock.1995. Observations of ice-sheet motion
in Greenland using satellite radar interferometry. Geophys. Res. Letl,, 22(5), 571-574.

Joughin, 1., R. Kwok, M. Fahnestock, S, Gogineniand C. Allen. 1995, Interferometrically
derived topography, velocity and ice-flux estimates forthe Petermann ciacier. }0S Trans.

I'all Meeting 1995. 11 111)-09.

Kollmeyer, R.C. 1980, West Greenland outlet glaciers: Aninventory of the major iceberg
prod ucers, in World Glacier Inventory, Proceedings of the Workshop at Riederalp, Swit zer-
land, 17-22 September 1978, International Association of Hydrological Sciences, Publication
No. 126, p. 57-65.

17




Rignot, B., K. Jezek and H.G. Sohn. 1995. Ice flow dynamics of the Greenland Ice Sheet
from SAR Interferometry. Geophys. Res. Letl., 22(5), 575 5H78.

Rignot, k. 1995. Backscatter model for the unusual radar propertics of the Greenland Ice
Sheet, J. Geophys. les. 100(1'; 5),9389-9400.

Rignot, 1) ., K. Jezek and P. Gogineni. 1996. Tidal Motion, Ice Velocity and Ablation Rates
of Petermann Gletscher from INRS-1SAR Interferometry. FOS Trans. Spring Meeting
1996, 1'03.

Smith, A.M. 1991. Theuse of tiltineters to study the dynamics of’ Antarctic ice-shelf
grounding lines. J. Glaciol., 37(125), 51- 58.

Vaughan, D.G. 1995. Tidal Flexure at ice shelf margins. J. Geophys. Res.1 00(114),
62136224.

Vaughan, D.G. and C.S.M. Doake. 1996. Recent atinospheric warming and retreat of ice
shelves onthe Ant arctic peninsula, Nature 379, 328-331.

Zebker, 1A, and R.M. Goldstein. 1986. Topographic mapping from interferometric SAR
observations. J. Geophys. Res., 91 (35), 4993- 4999.

Zebker, H. A., P.A. Rosen, R.M. Goldstein, C.Werner and A. Gabricl.1994. On the deriva-

tion of coscismic displacement fields using diflerential radar interferometry: the Landers
Flarthquake. J. Geophys. Res., 99(1110), 19,61 7- ]9,634.

18




Figure Captions

Fig. 1. ERS-1 SAR amplitude image of Petermann Gletscher acquired in February 1992, The
white continuous line locates the tidal profile shown in Figure . The dotted while line vepresents
the dynamic center-line of the glacier, which gives the ice flow divection. @QESA 1992,

Fig. 2. Inderfevometric fringes for the image pair combining orbit 3205 and 3248, after removal
of the interferomelric bascline, and with a color intensity modulated by the phase coherence of
the SAR signal. Dark arcas ave poorly covrclated.

Fig. 8. Intevferometrically-derived tidal flexure (color coded between 0 and 180 wam), and hinge-
line (continuous while line) of Pelermann Gletscher. The color intensity is modulated by the
inverse of the radar brightness.

¥ig. 4 1 cc. verocity of Petermann Gletscher, color coded between g and 1 20( | m a™, afler
comrection s Jor the incidence angl ¢ of the radar illumination, flow divection, and tidel motion.
Thecolorintensityis modulate.d by the inversc of theradar brightness.

Fig. 5. Tidal displacements {dots) along
the solid-line profile in Figure 1, compared to
model predictions (solid-line) from an elestic
beam theory. The longitudinal profile 1s 160 m
wide or three SAR pixncls per vange line. The
arrow points 1o the arca of wmarimum bending
slress, or hinge-linc.

Fig. 6. Ice velocilies along the glacier center-
linc after correction for an assumed flow divec-
tion. The dotled curve shows the ice velocities
before tidal correction. The comtinous curve
shows 1ec velocities after remounal of 1adal flea-
urc. The width of the longitudinal profile is

80 m.

Fg. 1. Iee discharge from Pelermann
Gletscher versus the along-flow distance from
the hinge-line. The continuous curve was ob-
lained by smoothing the results over GO vange
lincsord km. The dots sliow estimates ob-
tained every range line 017 80 m. The diamond
symbol denotes ice dischargc obtained by Hig-
gins (1991) al the ice front.
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Figure 1. Rignot, 1996.




Figure 2. Rignot, 1996.
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